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Abstract 

Cotton (Gossypium hirsutum L.) boll positions on a fruiting branch vary in their contribution to yield and fiber quality. Fiber 
properties are dependent on deposition of cellulose in the fiber cell wall, but information about the enzynnatic differences in 
sucrose nnetabolisnn between these fruiting positions is lacking. Therefore, two cotton cultivars with different sensitivities to 
low tennperature were tested in 2010 and 201 1 to quantify the effect of fruit positions (FPs) on fiber quality in relation to 
sucrose content, enzymatic activities and sucrose metabolism. The indices including sucrose content, sucrose 
transformation rate, cellulose content, and the activities of the key enzymes, sucrose phosphate synthase (SPS), acid 
invertase (Al) and sucrose synthase (SuSy) which inhibit cellulose synthesis and eventually affect fiber quality traits in cotton 
fiber, were determined. Results showed that as compared with those of FPl, cellulose content, sucrose content, and sucrose 
transformation rate of FP3 were all decreased, and the variations of cellulose content and sucrose transformation rate 
caused by FPs in Sumian 15 were larger than those in Kemian 1. Under FP effect, activities of SPS and Al in sucrose 
regulation were decreased, while SuSy activity in sucrose degradation was increased. The changes in activities of SuSy and 
SPS in response to FP effect displayed different and large change ranges between the two cultivars. These results indicate 
that restrained cellulose synthesis and sucrose metabolism in distal FPs are mainly attributed to the changes in the activities 
of these enzymes. The difference in fiber quality, cellulose synthesis and sucrose metabolism in response to FPs in fiber cells 
for the two cotton cultivars was mainly determined by the activities of both SuSy and SPS. 
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Introduction 

Cotton [Gossypium hirsutum L.) fiber is an important raw material 
for the textile industry. Thus, its yield and quality are the key 
criteria for cotton fiber value evaluation. The cotton plant has a 
prominent main stem and an indeterminate growth habit [1]. It 
has been shown that bolls at different fruiting positions (FPs) can 
produce different yield and fiber quality [2] [3] . 

Cotton yield is mainly determined by boll number and boll size 
[4]. Previous reports indicated that the position of the first node on 
a sympodial branch (FPl) contributed more to higher yield than 
the other FPs did on the same sympodial branch, and the relative 
contribution of FPs 1, 2, and 3 accounted for about 60%, 30% and 
10% of the total yield of seed cotton, respectively [1] [2] [5] [6]. 
However, in some fields where cotton yield was high (i.e. 
7657Kg-ha-l) in the Yangtze River Valley of China, the boll 
retention rate on the distal sites (e.g. FP3 and greater) reached as 
high as 58.8% [7]. Thus, the increased boll retention rate of distal 
FPs might be the key for improving fiber yield in the fields where 
cotton yield potential is high. 

Fiber quality depends on complex interactions among the 
genetic and physiological factors. The effect of the growth 
environment on the genetic potential of a genotype modulates 
fiber properties to varying degrees [8] [9] [10]. For example. 



application of water or fertilizer and the inevitable seasonal shifts 
such as temperature, day length, and insolation all could realize 
the changes of genetic potential [11] [12] [13] [14]. Previous 
documents on fiber qualities under environmental factors were 
mainly concentrated on the adaxial fruiting positions (e.g. FPl and 
FP2) [3] [15] [16] [17], but nothing has been conducted on fiber 
qualities of the distal's (e.g. FP3 and greater). 

Up to 90% of mature cotton fiber is consisted of cellulose. Thus, 
the process of cotton fiber formation primarily is a process of 
cellulose synthesis [18]. Sucrose is the initial carbon source for 
cellulose synthesis and supplies the UDP-glucose (UDP-G) as the 
immediate substrate for cellulose polymerization [19] [20]. A 
number of enzymes are involved in the sucrose metabolism and 
can be classified into two types, sucrose-synthesis enzymes and 
sucrose-decomposition enzymes [21]. Sucrose phosphate synthase 
(SPS), which is consider as a major regulator in organs and tissues 
adapted to cold and drought stresses, regulates sucrose synthesis 
[22] [23]. Invertases, especially the acid invertase (Al) catalyse the 
irreversible hydrolysis of sucrose to glucose and fructose [24] [25]. 
In addition to Al, sucrose synthase (SuSy) can both degrade and 
synthesize sucrose, but its function in cotton fiber is primarily on 
reversible sucrose cleavage [18] [26]. 
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Table 1. Mean daily temperature, mean daily maximum temperature, mean daily minimum temperature, mean diurnal 
temperature difference, total solar radiation and cumulative photo-thermal index during cotton fiber development period from 
flowering date to boll opening date on FPl and FPS of two cultivars during 2010-2011. 



Boll Fiber 





Fruiting 


Planting 


Flowering 


opening 


development 




MDT 


MDT 


MDT 




PTf 


Years 


positions 


date 


dates 


dates 


period 


MDT" 


max" 


min*^ 


dif 


MDSR^ 




(FPs) 


(dd-mm) 


(dd-mm) 


(dd-mm) 


(d) 


(°C) 


(°C) 


(°C) 


(°C) 


(MJ m^) 


(MJ m ^) 


2010 


FPl 


25-Apr 


29-Jul 


1 2-Sep 


46 


29.0^ 


33.1 


25.8 


7.3 


17.1 


683.4 




FP3 


25-Apr 


11 -Aug 


27-Sep 


48 


26.6 


30.6 


23.7 


6.9 


14.3 


549.9 












CV^ % 


4.27 


3.87 


4.3 


2.49 


9.17 


10.83 


2on 


FPl 


25-Apr 


27-Jul 


14-Sep 


50 


26.7 


30.7 


24.0 


6.7 


14.2 


630.5 




FP3 


25-Apr 


1 1 -Aug 


1-Oct 


52 


24.5 


28.3 


21.6 


6.7 


12.7 


479.8 












cv, % 


4.38 


3.97 


5.18 


0.11 


5.84 


13.58 



'MDT, mean daily temperature. 
^MDTmax, mean daily maximum temperature. 
'^IVlDTmin, mean daily minimum temperature. 
^MDTdif, mean diurnal temperature difference. 
"^MDSR, mean daily solar radiation. 

^PTl, cumulative photo-thermal index during cotton fiber development period. 

^Weather data were provided by Nanjing Weather Station, which was located nearby the experimental site. 

'^CV, coefficient of variation. 

doi:l 0.1 371 /journal.pone.0089476.t001 



Base on the background described above, we designed an 
experiment to study tlie response of related enzymes involved in 
sucrose metabolism at various stages of development in cotton 
fibers on different FPs, aiming at 1) finding the sensitive enzymes 
to FP effect in sucrose metabolism for the two cultivars; 2) 
clarifying the relationship between sucrose metabolism, cellulose 
synthesis and fiber qualities. Finally, elucidate the differences and 
their physiological mechanisms among fiber cells of the bolls at 
difierent FPs. This study could provide further supplement and 
extension for the research of fruiting positions and would be 
valuable for cotton cultivators to improve cotton yield and fiber 
quality by distal FPs. 

Materials and Methods 

Plant material and experimental design 

Field experiments were conducted at the PaUou experimental 
station of the Nanjing Agricultural University, Nanjing (32°02'N 
and 1 18°50'E), Jiangsu (the Yangtze River Valley), China, in the 
Yangtze River VaUey from 2010 to 2011. The soil at the 
experimental site was clayed, mixed, thermic, Typic alfisols (udalfs; 
FAO luvisol) in 20 cm depth of the soil profile, and the nutrient 
contents of soil before planting cotton contained 18.5 and 
16.3 g-kg ' organic matter, 1.1 and 1.0 g"kg ' total N, 64.4 
and 50.2 mg-kg ' available N, 17.9 and 16.8 mg-kg ' available 
P, and 102.3 and 96.4 mg-kg ' available K. Cotton cultivars had 
difierent sensitivities to low temperature, 14 diverse cultivars which 
were widely grown in the Yangtze River Valley in China were 
studied by Wang et al. [27] with different mean daily temperature 
during fiber development period. Based on the variance of fiber 
strength, these cultivars were clustered into three groups as a 
temperature-sensitive group (typical for Sumian 15), a moderately 
sensitive group (typical for NuCOTN 33B) and a temperature- 
insensitive group (typical for Kemian 1). Bolls from difierent FPs in 
the same sympodial branches with different flowering dates, 
therefore, Kemian 1 (temperature-insensitive) and Sumian 15 
(temperature-sensitive) were selected for this study. Cotton seeds 
were sown in a nursery bed on 25 April, and seedlings with three 



true leaves were transplanted to field. Each plot size was 5.6 m 
wide by 6 m long, with row spacing of 80 cm and interplant 
spacing of 25 cm. Three replications for each cultivar were 
assigned randomly in the field. The nitrogen fertilizer applied 40% 
before transplanting and 30%, 30% applied at first fiowering and 
peak fiowering for each cultivar, respectively. Furrow-irrigation 
was applied as needed to minimize the moisture stress during each 
season. 

Sampling and processing 

Cotton fiowers were labeled at anthesis with a tag listing the 
date at FPs 1 and 3 of the 7*'^ sympodial branches, respectively 
(hereafter FPl and FP3). The 7* sympodial branch is located in 
the middle of cotton canopy, which has better fiber quality than 
the bottom and upper branches do. It is usually used as the typical 
branch to research in document [28] [29] [30]. White flowers were 
tagged for each cultivar on the same day, no more than 3 days 
after the start of tagging, to ensure that the tagged flowers were of 
equivalently metabolic and developmental ages for each cultivar. 
The 17, 31, and 45 days post anthesis (DPA) are usuaUy regarded 
as the key representative stages to study the physiological 
characteristics during cotton fiber development [18] [21] [31] 
[32]. Therefore, subsequently, the labeled boU samples (about 6-8 
boUs in each cultivar) were coUected at the 17*, 31"' and 45''^ 
DPA, respectively. Cotton boU samples were harvested at 9:00- 
1 1 :00 am, and fibers were excised from the bolls with a scalpel and 
were immediately put into liquid nitrogen for subsequent 
measurement. Tagged boUs (about 10-15 bolls) in each replica- 
tions were hand harvested after bolls opened and ginned in 
individual groups according to each fruiting position. 

Fiber quality, cellulose content and sucrose content 
quantification 

Ginned fiber from each group was sent to the Cotton Quality 
Supervision, Inspection, and Testing Center of China Ministry of 
Agriculture for quality analysis. Fiber quality including fiber 
upper-half mean length (UHML), uniformity index (UI), strength 
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Table 2. Fiber properties of field-grown cotton on FPl and FP3 of two cultivars during 2010-2011. 







Years Cultivars 


Fruiting 
positions 


UHML* 


Ui" 


MIC 


EL" 


ST^ 




(FPs) 


(mm) 


(%) 




(%) 


(cN tex ^ 


2010 Kemian 1 


FPl 


30.5a* 


84.3a 


4.9a 


6.4a 


30.3a 




FP3 


29.6b 


84.2a 


4.7b 


6.4a 


29.3b 




CV3,% 


1.58 


0.11 


2.77 


0.39 


1.78 


Sumian 15 


FPl 


29.8a 


84.0a 


4.7a 


6.2a 


29.6a 




FP3 


28.7b 


83.5a 


4.4b 


6.2a 


28.4b 




CV,% 


1.77 


0.34 


4.12 


0.28 


2.07 


201 1 Kemian 1 


FPl 


30.7a 


85.1a 


4.9a 


6.3a 


31.4a 




FPS 


29.8b 


84.9a 


4.6b 


6.2a 


29.9b 




cv,% 


1.38 


0.10 


3.31 


0.34 


2.42 


Sumian 15 


FPl 


30.0a 


84.6a 


4.7a 


6.1a 


30.5a 




FP3 


28.8b 


84.3a 


4.3b 


6.1a 


28.7b 




cv,% 


2.04 


0.18 


4.36 


0.25 


3.04 


Source of variation 


Years 




ns'^ 


ns 


ns 


ns 


ns 


Cultivars 




»» h 


ns 


*» 


* h 




Fruiting positions 




** 


ns 


*» 


ns 


## 


Years x Cultivars 




ns 


ns 


ns 


ns 


ns 


Years x Fruiting positions 




ns 


ns 


ns 


ns 


ns 


Cultivars x Fruiting positions 




ns 


ns 


ns 


ns 


ns 


Years x Cultivars x Fruiting positions 




ns 


ns 


ns 


ns 


ns 



"UHML, fiber upper-half mean length. 
"^Ul, uniformity Index. 
*^MIC, mlcronalre value. 
'^EL, elongation percentage. 
^ST, fiber strength. 

Values followed by a different letter between fruiting positions are significantly different at P = 0.05 probability level. Each value represents the mean of three 
replications. 

^CV, coefficient of variation. 

^* and ** Indicate significant differences at P<0.05 and 0.01 probability levels, respectively, ns, not significant (P>0.05}. 
doi:1 0.1 371 /journal.pone.0089476.t002 



(ST), elongation (EL) and niicronaire (MIC) of each lint sample 
was read with a high volume instrument (HVI). Sucrose and 
glucose were extracted by a modified method of Pettigrew [33]. 
The sucrose and glucose assay was conducted according to the 
method described by Hendrix [34]. Sucrose transformation rate 
was calculated according to Shu et al. [21]. Fibers were digested in 
an acetic-nitric reagent, and the cellulose content was measured 
with anthrone according to the method described by Updegraff 
[35]. 

Enzymatic analyses 

Enzyme extracts were prepared essentially as described by King 
et al. [36]. Soluble acid invertase (AI) was measured by incubation 
of 100 [il of extract with 1 M sucrose in 200 mM acetic acid- 
NaOH (pH 5.0) in a total volume of 2.5 ml [36]. Reactions were 
started by incubating at 30°C for 30 min. The reactions were 
stopped by adding 1 ml of 3,5-dinitrosalicylic acid (DNS), and 
then boiled for 5 min. Glucose content was determined by relating 
the spectrophotometer metrically at 540 nm. Sucrose synthase 
(SuSy) activity was assayed by measuring the level of fructose 
formed from the cleavage of sucrose [36]. Each reaction contained 
20 mM Pipes-KOH (pH 6.5), 100 mM sucrose, 2 mM UDP, and 
200 |.il of extract in a total volume of 650 |.d. Reactions were 



started by incubating at 30°C for 30 min. The reactions were 
stopped by adding 250 \il of 0.5 M Tricine-KOH (pH 8.3), and 
then boiled for 1 0 min. The amount of fructose in SuSy reactions 
was determined and calculated from a standard curve of fructose 
at 540 nm. Sucrose phosphate synthase (SPS) activity was assayed 
by measuring the synthesis of sucrose-6-P [23]. Each reaction 
contained 14 mM UDP-glucose, 50 mM fructose-6-P, 50 mM 
extraction buffer, 50 mM MgClj and 200 [xl of extract in a total 
volume of 650 |il. The reaction was started by incubating the 
enzyme extract at 30°C for 30 min. The reaction was stopped by 
adding 100 [il of 2 N NaOH and by boiling for 10 min at 100°C 
to destroy unreacted hexoses and hexose phosphates. The 1 ml of 
0.1% (w/v) resorcin in 95% (v/v) ethanol was added and then 
incubated at 80°C for 30 min. Sucrose-6-P content was calculated 
based on a standard curve measured at 480 nm. UDPG and F-6-P 
were purchased from Sigma-Aldrich. 

Weather data and data analysis 

Weather data across the two-year study period were collected 
from an established local weather station (Nanjing Weather 
Station) located near the experimental site (about 1 0 m away from 
the field)(Table 1). Analysis of variance was conducted with SPSS 
statistic package Version 17.0 and the difference between mean 
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Zhao et al. [37], cumulative photo-thermal index {PTIj, which 
represents the effect of temperature and radiation during cotton 
fiber development period, was calculated by equation (Eq)(l). 



PTIi = RTEiXPARi 



(1) 



where RTE refers to daily relative thermal effectiveness, according 
to the non-linear response curves of boU development to 
temperature [38], RTE; is calculated by Eq. (2), and the relative 
temperature effect (RTE (T)) is calculated by Eq. (3). PAR is daily 
photosyntheticaUy active radiation. 



RTEi = 

0.5 X RTE(T„yg) + 0.25 x RTE{T,„„,-,) + 0.25 x RTE(T,„i„) 



(2) 



RTE(T) = 



80 



84 88 92 
CELmax (%) 



96 70 



77 84 

Tr (%) 



91 



T>Tc,or,T<Tt 



T-Ti,\' + [t,','-tJ 



To-T, 



T,.-T„ 



T\T„-Ti, 



,Th<T<T„ 



T„<T<Tc 



(3) 



where T„„g, T^^^, and T,- 



Figure 1. Correlation coefficients among parameters in fibers 
on FP1 and FP3 of two cultivars during 2010-2011. The 

coefficient between UHM and Camax (A), ST and CELmax (B), MIC 
and CELmax (C), UHM and Tr (D), ST and Tr (E), and MIC and Tr (F) in 
fibers on FP1 and EPS of two cultivars. UHML-fiber upper-half mean 
length, MIC-micronaire value, ST-fiber strength, CF/.max-maximum 
cellulose content, TV-sucrose transformation rate. * and **, significant 
differences at P = 0.01 and P = 0.05 probability levels, respectively, 
n = 1 2, fto.05 = 0.576, fio.oi = 0.707. 
doi:10.1371/journal.pone.0089476.g001 

values greater than the LSD (P= 0.05) was determined as 
significant. The coefficient of variation (CV, %) was calculated 
as the ratio of the standard deviation to the mean. According to 



refer to the daily average, maximum, 
and minimum air temperature, respectively. Tf„ T„, and are the 
cardinal temperature values (base, optimum, and ceiling temper- 
atures) for development. They were retained as 15, 30, and 35°C, 
respectively. 

Results and Discussion 

Environmental conditions 

The flowering date and cotton fiber development period 
(CFDP), i.e. from flowering date to boU opening date, were 
affected by the boU positions (Table 1). Generally, at the same 
planting date, the flowering date of boUs on FPl was about two 
weeks earUer than that on FP3 in the same sympodial branches 



Table 3. Cellulose content, sucrose content and sucrose transformation rate in cotton fibers on FPl and FPS of two cultivars 
during 2010-2011. 



Years 


Cultivars 


Fruiting 
positions 


Cellulose content (%) 




Sucrose content (mg g 


' DW) 








(FPs) 




31DPA 


45DPA 


17DPA 


31DPA 


45DPA 


(%) 


2010 


Kemian 1 


FPl 


46.88a' 


74.S5a 


92.22a 


11.91a 


6.68a 


1.67a 


8S.93a 






FP3 


38.79b 


68.80b 


89.46b 


9.80b 


6.17b 


2.09a 


78.69b 




SumianIS 


FPl 


43.18a 


70.25a 


83.82a 


10.70a 


6.21a 


1.58a 


85.2Sa 






FP3 


34.91 b 


63.41b 


80.81b 


8.19b 


5.47b 


2.08a 


74.71 b 


2011 


Kemian 1 


FPl 


41.93a 


74.16a 


91.62a 


12.70a 


6.40a 


1.49a 


88.31a 






FP3 


30.8Sb 


66.20b 


84.98b 


9.95b 


5.52b 


1.89b 


81.04b 




SumianIS 


FPl 


40.82a 


71.04a 


87.99a 


1 1 .79a 


5.75a 


1.89a 


84.01a 






FP3 


27.38b 


62.20b 


79.43b 


8.19b 


4.59b 


2.52b 


69.23b 



^Tr, sucrose transformation rate. 
•"DPA, days post anthesis. 

*^Values followed by a different letter between fruiting positions are significantly different at P = O.OS probability level. Each value represents the mean of three 
replications. 

doi:1 0.1 371 /journal.pone.0089476.t003 
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Table 4. Correlation coefficient of environmental factors 
during cotton fiber development period with maximum/ 
minimum sucrose content and sucrose transformation rate in 
cotton fibers on FPl and FPS of two cultlvars during 2010- 
2011. 







Correlation 
with 


MDT 


MDTmax 


MDTmin 


MDTdif 


MDSR 


PTI 


SUCmax" 


0.512 


0.514 


0.558 


0.168 


0.446 


0.740* 


SUCmin" 


-0.666 


-0.667 


-0.690 


-0.423 


-0.625 


0.778* 




0.625 


0.626 


0.658 


0.336 


0.572 


0.781* 





^SL/Cmax, maximum sucrose content. 
"^SUCmin, minimum sucrose content. 
'^Tr, sucrose transformation rate. 

■"n = 8, Rom = 0.707, Ro.oi = 0.834. *, significant differences at P = 0.05 probability 
level. 



doi:l 0.1 371 /journal.pone.0089476.t004 

[5]. But the CFDPs differed by only one or two-days between FPl 
and FP3. Thus, the differences between FPl and FPS were 
primarily due to the changes in environmental conditions at the 
various flowering dates. The coefficients of variance of cumulative 
photo-thermal index {PTI) during CFDP were higher than those of 
mean daily temperature (MDT), mean daily maximum (MDT 
max), mean daily minimum (MDT min), mean diurnal temper- 
ature difference (MDTdif), and mean daily solar radiation 
(MDSR) in both 2010 and 2011 (Table 1). This indicated that 
the difference in environmental conditions during the fiber 
development period for different FPs was primarily on PTI. The 
Pr/ of FPS was 19.5-2S.9% lower than that of FPl. 

Fiber quality in cotton fiber 

A number of the fiber quality traits including UHML, ST and 
MIC were significantiy affected by FPs in both 2010 and 2011 
(Table 2). Compared to those of FPl, UHML, ST and MIC of 
FPS were all decreased in both Kemian 1 and Sumian 15. 
However, EL and UI were not affected by FPs in any year. When 
both years were combined and fiber qualities were analyzed, there 
was no significant effect of year and interaction of years x 
cultivars, years x fruiting positions and cultivars x fruiting 
positions for all fiber qualities. However, there were highly 
significant differences (P<0.01) in UHML and MIC, and 
significant differences (/'<0.05) in EL and ST between cultivars 
but there was no significant difference (P>0.05) of cultivars for UI. 
The two cultivars, Kemian 1 and Sumian 1 5, had different ranges 
of UHML, ST and MIC between FPl and FPS. The CVs of 
UHML, ST and MIC for Sumian 15 was greater than that of 
Kemian 1. These results indicated that cotton fiber quality was 
more easily affected by FPs in Sumian 15 than in Kemian 1. 

Previous studies have documented that fiber length is largely 
dependent on genetic factors, while fiber maturity properties, 
which are dependent on deposition of photosynthates in the fiber 
cell wall, are more sensitive to changes in the growth environment 
[9] [S9] . However, several studies have indicated that fiber length 
could be significantly affected by cool temperature or planting 
dates [10] [16] [40] [41]. Thus, fiber qualities such as length, 
strength, and micronaire etc. are probably affected by the 
changing growth environment. Previous reports about FP effects 
on fiber quality mainly concentrated on longitudinal direction of 
the main stem [42] [4S], but few studies paid attentions to the 
horizontal direction. In term of the horizontal direction, Heitholt 



92 




84 88 92 96 80 84 88 



CELmax (%) 

Figure 2. Correlation coefficients between cellulose content 
and sucrose transformation rate in fibers during 2010-2011. 

The coefficient between Cftmax and Tr in fibers on FPl and FPS of 
Kemian 1 (A), CELmax and Tr in fibers on FPl and FP3 of Sumian 15 (B). 
CFtmax-maximum cellulose content, 7"r-sucrose transformation rate. * 
and **, significant differences at P = 0.01 and P = 0.05 probability levels, 
respectively. n = 12, Rq.os = 0.576, Ro.oi =0.707. 
dol:10.1371/journal.pone.0089476.g002 

[44] found that FP had no effect on fiber strength, maturity and 
micronaire values, whereas Pettigxew [15] documented the 
opposite results. In addition, Davidonis et al. [S] indicated that 
boU position of the horizontal direction could affect the fiber 
quality indices such as fiber length. Hence, FP effects on fiber 
quality traits are not consistent, and the possible reason for this 
disparity might be due to the differences in cultivars and the 
various environment conditions during the CFDP. Our results 
showed that fiber length, strength and micronaire values from FP 1 
were significantly higher (/'<0.05) than those from FPS (Table 2), 
which were consistent with those reported by Pettigrew [15] on 
fiber strength and by Davidonis [S] on fiber length and micronaire 
values. Since the difference in the effects caused by environmental 
conditions during the CFDP for different FPs was primarily on 
PT/ (Table 1), thus, our results have indicated that the shorter and 
weaker fibers from FPS are correlated with its lower PTI. 

Cellulose content and sucrose content in cotton fiber 

Cellulose content in cotton fibers increased from 1 7 DPA 
(Table S). In both cultivars Kemian 1 and Sumian 15, the cellulose 
content at FPl was significantly higher (P<0.05) than that at FPS. 
Finally, at the mature stage, the cellulose content of the fibers from 
FPl was 3-10% higher than that from FPS. Cotton fiber quality is 
predominantly determined by the process of ceUulose synthesis 
[S 1] [45] . And environmental factors such as cool temperature can 
alter fiber strength by reducing ceUulose content within secondary 
cell walls [46] [47]. Comparing with that of FPl, FPS had a lower 
P77 restrained ceUulose synthesis. The correlation coefficient of 
ceUulose content with the key fiber properties indicated that fiber 
length was positively correlated with ultimate ceUulose content, 
and so did fiber strength and micronaire values (Fig. lA, Fig. IB 
and Fig. IC). The coefficients for the correlations between fiber 
length and maximum cellulose content, fiber strength and 
maximum cellulose content, and fiber micronaire values and 
maximum ceUulose content were 0.760 ,0.634 and 0.938 ( P< 
0.01, P<0.05), respectively, in Kemian 1, and were 0.857 , 
0.894** and 0.758** (**P<0.01), respectively, in Sumian 15. These 
results indicate that fiber quality traits are correlated with the 
maximum ceUulose content and that these correlations are 
influenced by the effects of FPs. 

During the cotton fiber development period, sucrose content in 
cotton fibers declined from 17 DPA to 45 DPA at both FPl and 
FPS (Table 3). Compared to that of FPS, sucrose content in boUs 
on FPl was significantiy higher (P<0.05) in both 17 DPA and 31 
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DPA, but was lower at 45 DPA. This indicated that the decreased 
rate of sucrose content in bolls on FPS was slower than that on 
FPl. According to Shu et al. [21], we used the maximum sucrose 
content and minimum sucrose content in cotton fibers to calculate 
the sucrose transformation rate, which reflected the sucrose 
transformation capacity during cotton fiber development in our 
experiment. The result showed that the FP effect significandy 
decreased the sucrose transformation rate (P<0.05) in both 
cultivars (Table 3). During cotton fiber development, the 
correlations of environment factors with maximum/minimum 
sucrose content and sucrose transformation rate were analyzed 
(Table 4). Sucrose transformation rate in cotton fiber were 
positively correlated to PTI (P<0.05), but MDT, MDTmin, 
MDTmax, MDTdif and MDSR were not significantly related to it 
(P>Q.Q5). This indicates that sucrose metabolism of fiber during 
CFDP of FPs are determined primarily by PTI. 

The basic mechanisms regulating cellulose synthesis in different 
plant species are believed to be similar [18] [19] [20]. Sucrose 
metabolism is the pivotal process for cellulose synthesis and is 
sensitive to environment conditions. In many plants, the sucrose 
metabolism was restrained when they were subjected to low 
temperature [48] [49]. In our results, there was a positive 
correlation between maximum cellulose content and sucrose 
transformation rate in fibers when subjected to FP eifect {P< 
0.05) (Fig. 2A and Fig. 2B). And the coefficient of this correlations 
was 0.653* in Kemian 1 ('P<0.05) and 0.801** in Sumian 15 (**P< 
0.01), respectively. This analysis indicates that fiber development 
and cellulose synthesis are determined primarily by sucrose 
metabolism as it is influenced by the FP effect. 



Moreover, the coefficients for the correlation between sucrose 
transformation rate with the key fiber properties indicated that 
fiber length was positively correlated with sucrose transformation 
rate, and so did the fiber strength and micronaire values (Fig. ID, 
Fig. IE and Fig. IF). The coefficients for the correlations between 
fiber length and sucrose transformation rate, fiber strength and 
sucrose transformation rate, and fiber micronaire values and 
sucrose transformation rate were 0.893 , 0.808 and 0.719 
(*'P<0.01) in Kemian 1, were 0.850**, 0.750** and 0.798** in 
Sumian 15 ( P<0.01), respectively. Based upon these results we 
indicate that lower PTI, which is caused by FP effect, affect the 
sucrose transformation process from sucrose to cellulose to weaken 
the fiber qualities. 

The coefiicients of variance of the sucrose transformation rate 
between FPl and FP3 were different in the two cultivars. In 
Sumian 15, the CVs of the sucrose transformation rate were 
6.59% in 2010 and 9.63% in 201 1, respectively, and in Kemian 1, 
they were 4.40% in 2010 and 4.29% in 201 1, respectively. These 
results indicated that FPs had more effects on cotton fiber sucrose 
metabolism in cultivar Sumian 1 5 than it did in cultivar Kemian 1 . 

Changes in activities of sucrose metabolism enzymes 

It has been documented that SuSy, Al, and SPS are the critical 
enzymes involved in sucrose metabolism [50] [51]. In our study, 
we observed that these enzymes were affected by the FP effect, 
which might be the reason why sucrose transformation and 
cellulose synthesis in cotton fiber were restrained on distal FPs (e.g. 
FP3). The total SuSy activity including the activities of both soluble 
SuSy (S-SuSy) and the membrane-associated SuSy(M-SuSy) in 
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Table 5. Comparisons of effect indices and coefficients of variations on the activities of sucrose metabolism enzymes in cotton 
fibers on FPl and FP3 of two cultivars during 2010-2011. 





Years 


DPA" 


SuSy activity 




SPS activity 




Ai activity 








Kemian 1 


Sumlan15 


Kemian 1 


SumianIS 


Kemian 1 


Sumian15 


El", {%) 


2010 


17 


-31.75 


-82.30 


19.68 


23.69 


16.11 


23.10 




31 


-28.92 


-107.51 


16.58 


21.93 


19.08 


16.76 




45 


-116.47 


-215.25 


-123.89 


-346.97 


-34.84 


-24.55 


2011 


17 


-44.62 


-75.11 


22.53 


26.08 


20.71 


16.85 




31 


-23.68 


-43.73 


18.50 


23.72 


21.73 


24.72 




45 


-123.88 


-173.71 


-86.08 


-103.44 


-50.6 


-34.49 


CV, (%) 


2010 


17 


13.70 


29.15 


10.92 


13.43 


8.76 


13.06 




31 


12.63 


34.96 


9.04 


12.32 


10.54 


9.15 




45 


36.80 


51.84 


38.25 


63.43 


14.83 


10.93 


2011 


17 


18.24 


27.30 


12.69 


15.00 


11.55 


9.20 




31 


10.59 


17.94 


10.19 


13.46 


12.19 


14.10 




45 


38.25 


46.48 


30.09 


34.09 


20.19 


14.71 



"DPA, day post anthesis. 

"^El, the effect indices values, which were calculated as Elx= (Xppi-Xfp3)/Xfpi*100%. If El>0, it is a decrease variation in FP3 compared with FPl. If El<0, it is an increase 

variation in FP3 compared with FPl. 

*^CV, coefficient of variation (%). 

doi:1 0.1 371 /journal.pone.0089476.t005 



cotton fibers declined from 17 DPA to 45 DPA (Fig. 3A). FP effect 
enhanced SuSy activity in cotton fiber, and clianges in response to 
FP effect were affected by cotton fiber developmental age. In both 
Kemian 1 and Sumian 15, SuSy activity at FP3 was significantly 
higher (P<0.05) than that on FPl, and the largest variation was 
seen at 45 DPA (Table 5). SuSy, especially M-SuSy, is the critical 
partner in high-rate secondary-wall cellulose synthesis [52]. The 
suppression of SuSy activity by 70% or more in the ovule 
epidermis led to a fiberless phenotype and it is supposed that the 
increase or decrease in SuSy activity is associated with tlie 
increment or decrement of cellulose synthesis [53]. However, in 
this study, we observed that this high level of SuSy activity at FP3 
did not enhance cellulose synthesis. This may be due to the reason 
that while SuSy contained both M-SuSy and S-SuSy in cotton 
fiber, a part of M-SuSy became S-SuSy under stress [18] [50]. In 
this study on distal FPs (like FP3), the increased SuSy activity was 
likely due to the enhanced S-SuSy activity, which supplied UDP- 
glucose for general metabolic needs rather than having a major 
regulatory role in partitioning of carbon to cellulose [18] [52] [54] 
[55]. 

The activity of AI decreased with the distal FPs in the immature 
fiber stage (17 DPA and 31 DPA), but increased at 45 DPA 
(Fig. 3B). Usually, isoforms of invertase in the cell wall and vacuole 
is AI, which may act as the major player in response to biotic and 
abiotic stresses [56] [57] [58]. For example, AI preferred to direct 
hydrolysis of sucrose to provide energy for maintaining fiber and 
winter oat development under cool temperature and cold 
hardening [59] [60]. In addition, AI affects the size of intracellular 
sucrose pools, but it appears to be mostly involved in regulating 
plant processes such as phloem unloading [61]. Therefore, our 
results indicate that this decreased AI activity by FPs effect affects 
the source-to-sink unloading of sucrose and ultimately weakens 
sink strength. 



SPS is a key enzyme for sucrose synthesis and regulates sucrose 
accumulation [27]. The changing trends of SPS were similar in all 
cotton fibers, the peak values occurred at 31 DPA (Fig. 3C). 
Compared to those of FPl, the peak activity values were lower and 
the activity declined slowly at FP3. The largest differences in 
decreased extent of the activity between FPl and FP3 were 
observed at 17 DPA (Table 5). Haigler et al. [62] indicated that 
under controlled environmental conditions, in cotton plants over- 
expressing SPS, sucrose synthesis and fiber quality was enhanced. 
Therefore, we presumed that the decreased SPS activity in cotton 
fiber on FP3 would hinder the flux of sucrose from glucose, which 
reduced the sucrose synthesis and cellulose synthesis. 

In addition, according to Table 5, we found that the CVs of the 
activities of SuSy, SPS and AI at 45 DPA were all higher than 
those at 1 7 and 3 1 DPA. Moreover, the CVs of the activities of 
SuSy and SPS were much higher than that of AI activity. These 
results showed that the activities of SuSy and SPS were easily 
affected by FPs involved in sucrose metabohsm. Besides, the 
activities of SuSy and SPS in the two cultivars had different 
sensitivities to FP effect, with higher CV in Sumian 15 than in 
Kemian 1, indicating that they are more sensitive to FP effect in 
Sumian 15 (Table 5). These indicated that the differences in SuSy 
and SPS activities in two cultivars in response to FP effect might be 
the reason for them to possess different sensitivities to boU positions 
for cellulose synthesis and sucrose metabolism. 

This study revealed that both cellulose synthesis and sucrose 
metabolism were restrained by fruiting position effects. Hence, 
alternative strategies for alleviating the unfavorable effects of FPs 
need to be considered. Previous researches on the removal from 
specific fruiting positions in cotton indicated that fiber qualities on 
the second sympodial fruiting positions could be increased if the 
nutrition was sufficient [15] [44]. Nitrogen, phosphorus and 
potassium fertilization, planting density and abscisic acid may 
allow the crop to compensate partially for the potential yield losses 
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and increase plant tolerance against abiotic stress such as cool 
temperature and low irradiance [12] [16] [37] [41] [63]. 
Therefore, elucidating the diflerent mechanisms among difiFerent 
FPs in cotton fibers and improving the quality from distal positions 
are urgently needed. In this study, we found that FP effect 
restrained cellulose synthesis and sucrose utilization, and reduced 
the activities of the key enzymes involved in sucrose metabolism. 
Meanwhile, the examination of the effect of FPs on fiber 
development for two cultivars revealed that Sumian 15 was more 
sensitive to the FP effect than Kemian 1 was. 

Conclusions 

In this study, we observed that FP effect affected cotton fiber 
development was primarily on cumulative photo-thermal index. 
Fiber length, fiber strength, and micronaire values, which are the 
critical fiber properties in textile processing, were aU sensitive to FP 
effect. Highly correlated coefficients between these critical fiber 

References 

1. Jenkins JN, McCartyJC, Parrott WL (1990) Fruiting efficiency in cotton: Boll 
size and boll set percentage. Crop Sci 30: 857—860. 

2. Anjum R, Soomro A, Chang M, Memon A (2001) Effect of fruiting positions on 
yield in American cotton, Pak J Biol Sci 4: 960-962. 

3. Davidonis GH, Johnson AS, Landivar JA, Fernandez CJ (2004) Cotton fiber 
quality is related to boll location and planting date. Agron J 96: 42^7. 

4. Boquct DJ, Moser EB (2003) Boll retention and boll size among intrasympodial 
fruiting sites in cotton. Crop Sci 43: 19.5—201. 

5. Oosterhuis DM (1991) Growth and development of a cotton plant. In: Miley 
WN, Oosterhuis DM, editors. Nitrogen Nutrition of Cotton: Practical Issues. 1— 
24. 

6. Heitholt JJ (1993) Cotton boll retention and its relationship to lint yield. Crop Sci 
33: 485^90. 

7. Gu LL, Wang XS, Zhou ZG, Chen DH, Xu LH, et al. (2010) Researches of high 
yield cotton cultivations in Jiangsu province. China Cotton (in Chinese) 4: 14— 
16. 

8. May OL (1996) Genetic variation in fiber quality. In: Basra AS, editor. Cotton 

fibers. 183-229. 

9. Bradow JM, Davidonis CiH (2000) Qtiantitation of fiber qualitv and the cotton 
production-processing interface: a physioiogist's perspective. J Cotton Sci 4: 34- 
64. 

10. Yeates S, Constable G, McCumstie T (2010) Irrigated cotton in the tropical dry 
season. HI: Impact of temperature, cultivar and sowing date on fibre quality. 
Field Crop Res 1 16: 300-307. 

11. Bradow JM, Bauer PJ (1997) Fiber-quality variations related to cotton planting 
date and temperature. P. 1491-149.'). In Proe. Beltwide Cotton Gonf., New 
Orleans, LA. 6-lOJan. 1997. Nad. Cotton Counc. Of Am., Memphis, TN. 

12. Read^IJ. Reddy KR, Jenkins JN (2006) Yield and fiber quality of upland cotton 
as influenced by nitrogen and potassium nutrition. Eur J Agron 24: 282—290. 

13. Dagdelen \, Ba§al H, Yilmaz E, GUrbuz T, Akcay S (2009) Different drip 
irrigation regimes affect cotton yield, water use eflSciency and fiber quality in 
western Turkey. Agr Water Manage 96: 1 1 1-120. 

14. Thomasson J, Manickavasagam S, Mengiig M (2009) Cotton fiber quality 
characterization with light scattering and Fourier transform infrared techniques. 
Applied Speetrose 63: 321—330. 

1,'i. Pettigrew Wl' (199.5) Source-to-sink manipulation effects on cotton fiber quafity. 
AgronJ 87: 947-9,52. 

16. Dong H, Li W, Tang W, Li Z, Zhang D, et al. (2006) Yield, quality and leaf 
senescence of cotton grown at varying planting dates and plant densities in the 
YcUow River VaUey of China. Field Crop Res 98: 106-1 15. 

17. Baraiya B, Barde S, Singhal H (2009) Genetic evaluation of Gossypium hirsutum 
genotypes for yield, drought parameters and fiber quafity. Aim Plant Physiol 23: 
144-148. 

18. Haigler GH, lvanova-Dalchr\ a Al, Hogan PS, Salnikov VV, Hwang S, et al. 
(2001) Carbon partitioning to ceffiifosc synthesis. Pfant Mot Bioi 47: 29-51. 

19. Delmer DP, Haigler (^H (2002) l lie regulation of metabolic flux to cellulose, a 
major sink for carbon in piants. Metab Eng 4: 22—28. 

20. Wiifiamson RE, Burn JE, Hoeart CH (2002) Towards the mechanism of 
cellulose synthesis. Trends Plant Sci 7: 461—467. 

21. Shu H, Zhou Z, Xu N, Wang Y, Zheng M (2009) Sucrose metabolism in cotton 
{Gossypium hirsutum L.) fibre under low temperature during fibre development, 
Eur J Agron 31: 61-68. 

22. Huber SC, HuberJL (1996) Role and regulation of sucrose-phosphate synthase 
in higher plants. Annu Rev Plant Bio 47: 431-444. 

23. Winter H, Huber SC (2000) Regulation of sucrose metabolism in higher plants: 
localization and regulation of activity of key enzymes. Grit Rev Plant Sci 19: 31- 
67. 



quality traits and cellulose content revealed the close relationship 
between them under FP effect. Since sucrose metabolism is the 
pivotal process for cellulose synthesis, correlations between 
cellulose content and sucrose transformation rate of FP effect 
were analyzed and these coefficients were found to be highly 
significant. These results have indicated that sucrose metabolism 
determines cellulose synthesis under FP effect and both SuSy and 
SPS are the critical enzymes involved in sucrose metabolism and 
they also vary in cotton fibers on FPS as compared to that on FP 1 . 
These variations indicate a potentially important reason for the 
decrease in sucrose and cellulose synthesis. 

Author Contributions 

Conceived and designed tlie cxperiiiients: YM YW ZZ. Performed the 
experiments: YMJL FLJG. Analyzed the data: YMJL FLJC. Contributed 
reagents/materials/analysis tools: YMJL FLJC. Wrote the paper: YIM. 



24. Thaker V, Saroop S, Vaishnav P, Singh Y (1992) Physiological and biochemical 
changes associated with cotton fiber development V. Acid invertase and sugars. 
Acta Physiol. Plant 14: 1 1-18. 

25. Barratt D, Derbyshire P, Findlay K, Pike M, Wellner N, et al. (2009) Normal 
growth of Arabidopsis requires cytosolic invertase but not sucrose synthase. 
P Nad Acad Sci 106: f3f24-f3f29. 

26. Huber SG, Akazawa T (f986) A novef sucrose synthase pathway for sucrose 
cfegradation in cuftured sycamore cells. Plant Physiol 81: f008-f0f3. 

27. Wang YH, Shu HM, Chen BE, Xu NY, Zhao YC, et at. (2008) Temporal-spatial 
variation of cotton fiber strength of different cultivars and its relationship with 
temperature, Sci Agric Sin (in Chinese) 41: 3865—3871. 

28. Xiangbin G, Youhua W, Zhiguo Z, Oosterhuis DM (2012) Response of cotton 
fiber quafity to the carbohydrates in the leaf subtending the cotton boll. J Plant 
Nutr Soil Sci 175: 152-160. 

29. WenQing Z, YouHua W, ZhiGuo Z, YaLi M, BingLin C, et al. (2012) Effect of 
nitrogen rates and ffowering dates on fiber quafity of cotton {Gossypimn hirsutum 
L.)uj. Am J Exp Agr 2: i33-f59. 

30. Zheng M, Wang Y, Liu K, Shu H, Zhou Z (20 i 2) Protein expression changes 
during cotton fiber elongation in response to low temperature stress. J Plant 
Physiol 169: 399-^09. 

31. Haigler CH (2007) Substrate supply for cellulose synthesis and its stress 
sensitivity in the cotton fiber. In: Brown RM, Saxena IM, editors. Cellulose: 
Molecular and Structural Biology. 147—168. 

32. Liu J, .Ma Y, Lv F, Chen J, Zhou Z, rl al. (2013) Changes of sucrose metabolism 
in leaf subtending to cotton lioU under cool temperature due to late planting. 
Field Crop Res HI: 200 211. 

33. Pettigrew WE (2001) Environmental effects on cotton fiber carbohydrate 
concentration and quality. Crop Sci 41: 1 108—1 1 13. 

34. Hendeix DL (1993). Rapid extraction and analysis of nonstructural carbohy- 
drates in plant tissues. Crop Sci 33: 1306-1311. 

35. Updegraff DM (1969) Semimicro determination of cellulose in biological 
materials. Anal Biochcm 32: 420-424. 

36. King SP, Luim JE, Furbank RT (1997) Carbohydrate content and enzyme 
metabolize in developing eanola siliques. Plant Physiol 114: 153—160. 

37. Zhao W, Meng Y, Li W, Chen B, Xu N, et al. (2012) A model for cotton 
{Gossypium hirsutum L.) fiber iength and strength formation considering 
temperature-radiation and N nutrient effects. Ecof Modef 243: f f2— f 22. 

38. Li W, Zhou Z, Meng Y, Xu N, Fok M (2009) Modefing boll maturation period, 
seed growth, protein, and oil content of cotton {Gossypium hirsutum L.) in China. 
Field Crop Res 112: 131-140. 

39. Pettigrew WT (2008) The effect of higher temperatures on cotton lint yield 
production and fiber quality. Crop Sci 48: 278-285. 

40. Liakatas A, Roussopoulos D, Whittington W (1998) Controlled-temperature 
effects on cotton yieid and fibre properties. J Agr Sci i 30: 463—47 f . 

4f. Weather J, Phipps B, Stevens W, Phillips A, Vories E (2008) Cotton Planting 
Date and Plant Population Effects on Yield and Fiber Quality in the Mississippi 
Delta. J Cotton Sci 12:1-7. 

42. ZhiGuo Z, YaLi .M, YouHua VV, BmgLin C, XinHua Z, et al. (2011) Effect of 
planting date and boll position on fiber strength of cotton {Gossypium hirsutum L.). 
Am J Exp Agr i: 33f-342. 

43. Zhao W, Wang Y, Shu H, Li J, Zhou Z (20 i 2) Sowing date and boU position 
affected boll weight, fiber quality and fiber physiological parameters in two 
cotton {Gossypium Hirsutum L.) cultivars. Afi- J Res 7: 6073-6081. 

44. Heitholt J (1997) Floral bud removal from specific fruiting positions in cotton: 
Yield and fiber quality. Crop Sci 37: 826-832. 

45. Kim HJ, Triplett BA (2001). Cotton fiber growth in Planta and in vitro models 
for plant cell elongation and cell wall biogenesis. Plant Physiol 127: 1361—1366. 



PLCS ONE I www.plosone.org 



8 



February 2014 | Volume 9 | Issue 2 | e89476 



Effects of FPs during Fiber Development 



46. Jiang G, Zhou Z, Chen B, Mcng Y (2006) Effect of cotton physiological age on 
the fiber thickening development and fiber strength formation, Sci Agric Sin (in 
Chinese) 39: 265-273. 

47. Wang Y, Shu H, Chen B, McGiffen ME, Zhang W, et al. (2009) The rate of 
cellialose increase is h^hly related to cotton fibre strength and is significantly 
determined by its genetic bacl^ound and boll period temperature, Plant 
Growth Regul 57: 203-209. 

48. Linglc SE (2004) Effect of transient temperature change on sucrose metabolism 
in sugarcane internodcs. J Am Soe Sugar (?.anc 'I'ceh 24: 132 140. 

49. Marangoni A(}, Duplcssis PM, Leneki RW, Yada RY (l')9(i; Low -iemperatiire 
stress induces transient oscillations in sucrose metabolism in Salanum tuberosum. 
Biophy Chem 61: 177-184. 

50. Salnikov W, Crimson MJ, Seagull RW, Haigler CH (2003) Localization of 
sucrose synthase and callose in freeze substituted secondary wall stage cotton 
fibers. Protoplasma 221: 175-184. 

51. Wang YH, Feng Y,Xu NY, Chen BL, Ma RH, et al. (2009) Response of the 
enzymes lo nitrogen applications in cotton fiber {Gossypium hirsutum L.) and their 
relationships with fiber strength. Sci China Ser C, 52: 1065-1072. 

52. Amor Y, Haigler CH, Johnson S, Wainscott M, Delmer DP (1995) A 
membrane-associated form of sucrose synthase and its potential role in synthesis 
of cellulose and callose in plants. P Natl Acad Sci 92: 9353-9357. 

53. Ruan YL, Llewellyn DJ, Furbank RT (2003) Suppression of sucrose synthase 
gene expression represses cotton fiber cell initiation, elongation, and seed 
deyelopment, Plant Cell, 15: 952-964. 

54. Delmer DP (1999) Cellulose biosynthesis: exciting times for a difficult field of 
study, Annual Rev Plant Biol 50: 245-276. 



55. Kutsehera U, lleiderich A (2002) Sucrose metabolism and cellulose biosynthesis 
in sunflower hypocotyls, Physiol Plantarum 114: 372-379. 

56. Roitsch T, Balibrea M, Hofmann M, Proels R, Sinha A (2003) Extracellular 
invertase: key metabolic enzyme and PR protein, J Exp Bot 54: 513-524. 

57. McLaughlin JE, Boyer JS (2004) Sugar-responsive gene expression, invertase 
activity, and senescence in aborting maize ovaries at low water potentials, Ann 
Bot-London 94: 675-689. 

58. Essmann J, Schmitz-Thom I, SchOn H, Sonnewald S, Weis E, et al. (2008) RNA 
interference-mediated repression of cell wall invertase impairs defense in source 
leaves of tobacco. Plant Physiol 147: 1288-1299. 

59. Livingston 111 DP, Henson (^A (1998) Apoplastic sugars, fructans, fructan 
exohydrolase, and invertase in winter oat: responses to second-phjise cold 
hardening. Plant Ph\ siol 116: 103 408. 

60. Martin LK, Haigler C^ll i^OOl; Cool temperature hinders flux from glucose to 
sucrose during eellulos(' svnihesis in secondary wall stage cotton fibers. CcUulose 
11: 339-349. 

61. Sturm A, Tang GQ^(1999) The sucrose-cleaving enzymes of plants are crucial 
for development, growth and carbon partitioning, Trends Plant Sci 4: 401—407. 

62. Haigler CH, Singh B, Zhang D, Hwang S, Wu C, et al. (2007) Transgenic 
cotton over-producing spinach SPS showed enhanced leaf sucrose synthesis and 
improved fiber quality under controlled environmental conditions. Plant Mol 
Biol 63: 815 -832. 

63. Baltal P. Lrez ME, Turker M, Berber 1 (2008) Molecular and physiologicsd 
changes in maize {^ea mays) induced by exogenous NAA, ABA and MeJa during 
cold stress. Aim. Bot. Fenn. 45: 173-185. 



PLOS ONE I www.plosone.org 



9 



February 2014 | Volume 9 | Issue 2 | e89476 



